Decay-accelerating factor (DAF), a complement-regulating glycoprotein, was found to be a maturational protein for normal neutrophils, and a remarkable correlation was found between the DAF level and alkaline phosphatase activity in neutrophils. We studied the relationship between the amount of DAF on the membrane and cell maturity in total nucleated bone marrow (BM) cells, mature BM and peripheral blood (PB) neutrophils from normal subjects, and patients with paroxysmal nocturnal hemoglobinuria (PNH) using a fluorescence-activated cell sorter with anti-DAF monoclonal antibodies. Percentage distributions of differentiating neutrophils from normal total nucleated BM cells showed that the proportion of immature cells ECAY-ACCELERATING factor (DAF), a comple-D ment-regulating glycoprotein, is widely distributed not only in blood cells and vascular endothelial cells but also in epithelial and glandular cells of various organs throughout the body.'.' Furthermore, a soluble form of DAF can be detected in body fluids including plasma, tears, saliva, and urine.' The expression of DAF on tissues that are unlikely to come into contact with serum complement components cannot be explained by the known process of DAF activity, in which DAF interacts with autologous C4b and C3b, interferes with assembly of the classical and alternative complement pathway C3 convertases (C4b2a and C3bBb), and thereby protects the cell from complement-mediated cyt~lysis.~.~ A high molecular weight form of DAF (DAF-2) has also been described," but its function and that of its secretory form in body fluids are not clearly known. Thus, DAF may have a function other than regulation of complement activation at the cellular level.
(myeloblasts plus promyelocytes) decreased, while that of mature ones (bands plus segmented forms) increased as the fluorescence intensity increased. For PB neutrophils, no apparent correlation was found between DAF expression and cell maturity. This may have resulted from margination of the fully matured neutrophils with a high amount of DAF. In PNH patients who have low levels of DAF. this study showed that DAF expression in their neutrophils differs from that in normal subjects, and abnormalities occur in PNH cells from a very early stem-cell stage. 0 1990 by The American Society of Hematology. methylcellulose cultures. DAF deficiency has been shown to be causally involved in the increased susceptibility to hemolysis by complement, although additional abnormalities a t the terminal stage of the complement cascade have been found to be associated with the pathophysiology of PNH.'2- '4 In addition to circulating blood cells of every cell lineage, we showed that in P N H patients, hematopoietic progenitors, CFU-E, CFU-GM, BFU-E, and CFU-Mix are partially or completely devoid of DAF on their cell membranes. DAF was found on the majority of the normal progenitors, although some populations displayed negative or weak expression. The percentage distributions of DAF-negative or DAFpositive progenitors showed that DAF is expressed more on CFU-E than on CFU-Mix, and at an intermediate level on CFU-GM or BFU-E." This result suggested that DAF expression seems to parallel hematopoietic cell differentiation.
During the differentiation of neutrophils, Fc receptor and complement receptors (CRl, CR3) appear on their cell surfaces along with the changes of morphologic and functional proper tie^.'^ Therefore, to clarify the relationship between DAF expression and cell maturity, we sorted the total nucleated bone marrow (BM) cells and the BM and peripheral blood (PB) neutrophils into fractions with different levels of DAF using a FACS, then evaluated the stage of differentiation by morphologic criteria and the neutrophil alkaline phosphatase (NAP) activity from the cytospin preparation of each fraction. DAF was found to be a maturation protein on the membranes of neutrophils from normal individuals, but not from P N H patients.
MATERIALS AND METHODS
Cell preparation. Total nucleated BM cells, mature BM, and PB neutrophils were obtained from 10 normal healthy volunteers and six PNH patients who had typical clinical findings of intravascular hemolysis with positive Ham test. Approval was obtained from the Institutional Review Board for these studies. Patients and volunteers were informed that blood and BM samples were obtained for research purposes and that their privacy would be protected. Total nucleated BM cell suspensions were prepared by eliminating erythrocytes (RBCs). BM samples aspirated in heparin were incubated with ammonium chloride (Ortho Diagnostic Systems Inc, Raritan, NJ), dissolved in water at the optimal concentration, for 10 minutes at room temperature. The samples were centrifuged, and the pellet was resuspended in phosphate-buffered saline (PBS). These procedures were repeated, if necessary, to thoroughly eradicate the RBCs. For the preparation of mature BM and PB neutrophils, BM and PB samples were layered over the solution of Ficoll-Paque (Pharmacia Fine Chemicals, Uppsala, Sweden) and centrifuged at 400 x g for 30 minutes at 14°C. The supernatant and upper layer were discarded, and the pellet was removed and resuspended in PBS. The contaminated RBCs in the suspensions were lysed by ammonium chloride as described above. The recovery rate of neutrophils was greater than 98% during these preparations. A small number of granulocytes other than neutrophils was seen in the cell suspensions of mature BM (3.9%) and PB neutrophils (0.5%).
Flow cytometric analysis and cell sorting were performed using a FACS with highly specific MoAbs against DAF as previously described, with some modifications." Mouse anti-DAF MoAbs IAlO, IIH6, and VIIIA7 were a gift of Dr Taroh Kinoshita, Osaka University Medical School, Japan. We used a mixture of these antibodies at concentrations of 10 pg/mL each. This condition was confirmed to be optimal for the analysis and sorting. The production and specifities of these antibodies have been described in detail previously.'." For the immunofluorescent staining, the cells were suspended in 100 pL of PBS and 100 pL of anti-DAF antibodies. The suspensions of lo7 cells/mL were incubated for 30 minutes at 4OC, washed twice with PBS, and stained with fluorescein-conjugated sheep anti-mouse immunoglobulin G (IgG) [F(ab') , fragment] (Cooper Biological, West Chester, PA) at optimal concentrations. After being washed twice, these labeled cell suspensions were analyzed and sorted with a FACS (EPICS V, Coulter Electronics, Hialeah, FL). The gating criteria for the sorting were set so that each sample had one fourth of the total number of cells. Thus, we obtained four fractions graded according to the level of DAF expression. In every experiment, we used a new standard fluorescence microsphere, Micropearl-FT (Sekisui Fine Chemical Co, Osaka, Japan) to calibrate the FACS to enable comparison of the data from different experiments.I6 More than 10,000 cells from each sample were analyzed for the fluorescence.
Cytospin preparations were made from aliquots of unfractionated or fractionated cell suspensions, stained with May-Grunwald-Giemsa, and differential counts of at least 500 cells were performed. In differential counts of some preparations, we classified the segmented neutrophils according to the number of divided nuclear lobes (ie, 2 segments, 3 segments, etc).
In experiments with total nucleated BM cells, we measured the CFU-GM contents in each sorted fraction. An aliquot of each fraction was cultured by the methylcellulose culture technique described previously."," Briefly, the cells were plated in 35-mm culture dishes (Flow Laboratory, Rockville, MD) in a I-mL mixture containing 0.9% methylcellulose (Shinetsu Chemicals Co, Osaka, Japan), 20% fetal calf serum (Microbiological Associates, Bethesda, MD), and 10 ng/mL each of recombinant human GM-CSF (Sumitomo Pharmaceutical Co, Osaka, Japan) and G-CSF (Kirin-Amgen, Tokyo, Japan). The number of CFU-GM colonies (greater than 50 cells) was scored on day 10 using an inverted microscope. The results were calculated from duplicate or quadruplicate data for each experiment.
NAP activity in individual neutrophils was evaluated by a method originally described by Tomonaga et a1," using a NAP staining kit (Muto Pure Chemicals, Tokyo, Japan). Cytospin preparations were dried in air and fixed for 5 minutes at -3°C to -5°C with 10% formalin in ethanol. After being washed with running water and dried in air, they were incubated with a solution of naphtol AS-MX phosphate containing fast blue RR under high humidity at 37°C for 2 hours, followed by counterstainImmunofluorescent staining and cell sorting.
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ing with 1% safranin for 2 minutes. NAP appeared as blue granules in the cytoplasm of neutrophils. The activity in individual neutrophils was graded according to the number of blue granules in the cytoplasm: type 0, no granules; type I, less than 5 granules; type 11, less than 30 granules; type 111, more than 30 granules unevenly distributed; type IV, many granules evenly but not densely distributed; type V, entirely dense distribution of numerous granules. The sum of the rating for 100 neutrophils was considered as the NAP score for a particular preparation. Total nucleated EM cells prepared from normal subjects by eliminating R8Cs were incubated with anti-DAF and FITC-conjugated secondary antibodies, followed by sorting with FACS. Cells expressing different density distribution of DAF were sorted into four fractions, each of which contained one fourth of the total cell number and were separated according to channel numbers as indicated in the table. Portions of each fraction were then assayed for CFU-GM content and evaluated for the stage of maturation from the morphology. Each value for each fraction is the percentage (mean f SD) of the total number of CFU-GM or cells of a particular cell type from eight normal volunteers.
RESULTS

Normal
fluorescence intensity, although the shoulder of the former was more prominent than the latter, whereas the histogram of PB neutrophils showed a symmetric single peak with relatively narrow range. These profiles suggested that the population with a lower DAF level became smaller as the differentiation proceeded.
When the total nucleated BM cells and the mature BM and PB neutrophils were prepared from P N H patients and analyzed for DAF expression, the fluorescence histograms of these cell populations depicted profiles different from those of the normal counterparts (Fig 1, d through f ) . Each peak was observed a t a low channel number, and a small secondary peak was seen at a relatively high position for the PB neutrophils.
To find whether the surface expression of DAF is correlated with morphologic maturation, the cell suspensions were sorted into four fractions, each containing one fourth of the total cell number. These fractions were graded according to the intensity of fluorescence after staining with anti-DAF and FITC-conjugated secondary antibodies. An aliquot of each fraction was evaluated for the stage of maturation by the morphology from the cytospin preparations. The remaining samples were assessed for the CFU-GM content by culturing in methylcellulose. The percentages of each cell type in each fraction were calculated only for neutrophilic series in normal nucleated BM cell suspensions and are summarized in Table 1 . The distribution pattern of the individual sample did not vary greatly from person to person, even though the cutoff between the adjacent fractions was not distinct. The majority of the immature neutrophils (myeloblasts plus promyelocytes) was distributed at the low channel number in contrast to the mature ones (bands plus segmented forms), which were observed mostly in the high portion. The intermediate neutrophils (myelocytes plus metamyelocytes) were seen over a wide range of fluorescence intensity. The percentage distributions of normal developing neutrophils from myeloblasts to segmented forms indicated that there is a remarkable relationship between DAF expression and cell maturity. In marked contrast, the percentage distributions of P N H progenitors and neutrophils from three patients did not show any parallel change in DAF expression with increasing maturation (Table 2 ).
In the next experiments we studied the relationship between DAF level and N A P activity in normal and P N H neutrophils. Figure 2 shows the excellent correlation between N A P score and mean fluorescence intensity of each fraction in both normal BM and PB neutrophils. Regression analysis showed the coincidence of both lines, for the portion where the line of normal PB neutrophils was concordant with that of the BM counterparts. Note that only PB neutrophils with high DAF and high N A P scores were found. No such correlation was observed for P N H PB neutrophils, which 37  23  21  19  28  31  25  16  24  26  38  12  31  29  29  1 1  27  29  31  13  29  32  28  1 1  23  34  27  16   15  35  38  12  35  30  25   10   28  32  28  12  25  26  25  24  25  26  28  21  1 1  31  31  27  21  31  27  21   19  31  36  14  22  33  37  8  29  33  29  9  36  29  35  10  32  28  29  11  30  34  22  14  29  32  30  9 Total nucleated EM cells prepared from PNH patients, incubated, and sorted by the procedures described in Table 1 Relationship between DAF level and NAP score in normal BM and normal or PNH PB neutrophils. Isolated BM or PB neutrophils were labeled with anti-DAF and FITC-conjugated secondary antibodies, followed by sorting with FACS. Cells expressing different density distributions of DAF were sorted into four fractions for normal subjects according to the gating criteria described in Materials and Methods. For PNH patients who showed a distinct biphasic pattern in the fluorescence histogram, two fractions were separated first at the channel number of the nadir and each was then divided into two or three fractions, or not divided, according t o the cell number so that each fraction had an almost equal number of cells. NAP activity was then evaluated in the individual cytospin preparation after staining by the were composed of two populations: one with low NAP activity and DAF level, and the other for which NAP activity and DAF level were high. Of particular interest were the results from two PNH patients who had been suffering from clinically documented infections (patients 5 and 6). The high DAF fractions of these patients gave higher NAP scores than the mean of the normal values, but the low DAF fractions gave scores as low as those of other patients free of infection.
Differential counts of neutrophils were also taken for each fraction of the isolated BM and PB cell suspensions ( Table  3 ). The percentage of each cell type from bands to 4-segment neutrophils changed as the channel number increased in BM, indicating again that DAF expression is correlated with cell maturity. However, the percentage or ratio of bands and segmented forms did not change among these fractions of normal PB neutrophils.
DISCUSSION
This study shows that DAF levels on neutrophils increased in parallel with the differentiation from myeloblasts to segmented forms in normal BM. This is the first report of DAF being a maturational protein on the membrane of neutrophils. This study extended our previous work indicating that DAF expression may accompany differentiation from the immature to mature progenitors" to the level of recognizable precursors, which are derived from these progenitors. The fluorescence histograms of total nucleated BM cells and PB neutrophils offer support for this finding.
No such increase of DAF with maturation was found with erythroblasts. The fluorescence histogram showed a wide DAF distribution in normal individual RBCs that might be differentiated from the erythroid precursors with various levels of DAF. This lack of DAF increase may occur because erythrocytes, unlike neutrophils, are not required a t inflammatory sites and therefore need no high DAF level for survivaI."
Another major finding of this study is that the DAF level is closely correlated with N A P activity. Figure 2 shows clear relationships of N A P increase with a rise in DAF level for BM and PB neutrophils, and also shows that PB neutrophils had high DAF levels and high N A P scores.
NAP, regarded as a marker protein for neutrophilic usually has low activity in neutrophils from P N H patients. Recently, Burroughs et aIz2 reported on two P N H patients in whom DAF-negative neutrophils displayed a N A P deficit. Therefore, we explored the relationship between DAF level and N A P activity in normal and PNH neutrophils and found that membrane expression of DAF parallels N A P activity in normal individuals. Thus, DAF can be regarded as an indicator for morphologic differentiation of normal neutrophils.
The differential counts of BM and PB neutrophils were markedly different. In BM the percentage of bands decreased, but that of mature forms (3 or 4 segments) increased as DAF positivity increased. In PB, the percentage of each cell type did not change among these fractions. One possible explanation for this difference may be that a number of segmented neutrophils in the fraction of high DAF positivity may be marginated after being released from BM into the peripheral circulation. Functionally or chronologically older cells move selectively from the circulation toward the marginal ~0 0 1 .~' Recently, the adherence of neutrophils to cells and surfaces has been considered to be mediated by a group of membrane-linked glycoproteins including CR3, lymphocyte function-associated antigen 1 (LEF-I), and P150, 90.23,24 More CR3 is found on the cell membranes of the more mature ne~trophi1s.l~ DAF and CR3 expressions concomitantly rose in response to the same activating stimulant in normal ne~trophils.'~ More neutrophils with higher DAF and CR3 expressions could adhere to the vascular endothelial cells and be marginated.
P N H neutrophils expressed less DAF than normal for every stage of cell maturity. Furthermore, little alteration of DAF expression was observed from the level of progenitors, CFU-GM to segmented forms in P N H BM. These results suggest that the abnormal cells are being preferentially destroyed in the marrow or the periphery in PNH. Moore et alZS have claimed that the erythroid progenitors in P N H were phenotypically normal with respect to DAF expressions, and that these DAF-positive progenitors generated DAF-negative normoblast progeny during the culture period." They concluded that DAF was present on the P N H erythroid progenitors and was lost during erythropoiesis in vitro. However, our previous and present results indicate that abnormalities associated with the pathogenesis of P N H occur at the very early stage of differentiation, probably before the stage of commitment to a particular cell lineage.
Most studies on PNH neutrophil functions have not used methods that separate the normal (DAF-expressing) and abnormal neutrophils.26327 Thus, there have been articles like that reporting no difference in phagocytosis and bacteriocidal activity between normal and P N H granulocytes.26 In this study, we separated P N H neutrophils into normal and abnormal fractions and showed that the chemiluminescence response was lower in the DAF-negative cells than in normal neutrophils and in P N H neutrophils, which expressed DAF on their cell membranes.
This study has shown that DAF is a maturational protein for normal neutrophils, and its level shows a close correlation with the N A P score. Also, DAF expression in normal neutrophils differs from that in P N H cells, in which abnormalities occur at a very early stage. Therefore, DAF may be a useful indicator of neutrophil differentiation in normal individuals but not in P N H patients.
